Land application of animal manures such as poultry litter is a common practice, especially in states with surplus manure. Past studies have shown that animal manure may contain estrogens, which are classified as endocrine-disrupting chemicals and may pose a threat to aquatic and wildlife species. We evaluated the concentrations of estrogens in surface runoff from experimental plots (5 × 12 m each) receiving raw and pelletized poultry litter. We evaluated the free (estrone, E1; 17b-estradiol, E2b; estriol, E3) and conjugate forms (glucuronides and sulfates) of estrogens, which differ in their toxicity. Sampling was performed for 10 natural storm events over a 4-mo period (April -July 2008). Estrogen concentrations were screened using enzyme-linked immunosorbent assay (ELISA), followed by quantification using liquid chromatography with tandem mass spectrometry (LC/MS/MS). Concentrations of estrogens from ELISA were much higher than the LC/MS/MS values, indicating crossreactivity with organic compounds. Exports of estrogens were much lower from soils amended with pelletized poultry litter than the raw form of the litter. No-tillage management practice also resulted in a lower export of estrogens with surface runoff compared with reduced tillage. The concentrations and exports of conjugate forms of estrogens were much higher than the free forms for some treatments, indicating that the conjugate forms should be considered for a comprehensive assessment of the threat posed by estrogens.
A nimal manures such as poultry litter have often been applied to croplands as a substitute for synthetic fertilizers. This practice provides an important outlet to reuse and recycle byproducts generated by the animal industry. In recent years, the pelletized form of poultry litter has been increasingly marketed beyond agriculture to other industries, such as lawn care, turf management, and organic farms. However, recent studies suggest that manures may also contain naturally occurring steroidal hormones that may pose a threat to the environment (Hanselman et al., 2003; Lee et al., 2007) . These hormones are also referred to as endocrine-disrupting chemicals (EDCs) because they can cause physiological and reproductive damage in aquatic and wildlife species (Colborn et al., 1993; Moura Costa et al., 2010) . Some of the hormones released naturally from animal manures include estrogens such as estrone (E1), estradiol (E2), and estriol (E3) (Hanselman et al., 2003; Lee et al., 2007; Shore and Shemesh, 2003) . Of the few studies that have investigated the transport and fate of these chemicals in agricultural watersheds, some have found that concentrations of estrogens in runoff waters exceeded the threshold levels for endocrine disruption (Finlay-Moore et al., 2000; Jenkins et al., 2006; Nichols et al., 1997; Shore et al., 1997; Yonkos 2005) . Yonkos (2005) found that concentrations of 17b-estradiol (E2b) exceeded the endocrine disruption threshold of 40 ng L -1 for a 21-d exposure of fathead minnow (Pimephales promelas). Finlay-Moore et al. (2000) reported runoff concentrations of E2b in the range of 20 to 2330 ng L -1
. Jenkins et al. (2009) observed a concentration range of 8 to 79 ng L -1 for E2b in surface runoff from agricultural soils receiving poultry litter. In contrast, other studies have reported very low estrogen concentrations (Arikan et al., 2008; Haggard et al., 2005; Lee et al., 2007) . Thus, there is considerable uncertainty on the threat posed by these chemicals, and research needs to be conducted on their fate, transport, and persistence in the environment. Furthermore, there is an absence of a consistent and established protocol for measuring hormones. Most of the studies have used enzyme-linked immunosorbent assays (ELISAs) to measure hormones, which have been reported to overestimate the hormone concentrations (Hanselman et al., 2003) .
The toxicity or biological potency of estrogens can vary depending on their individual chemical forms. Although estrogens in manure are present in "free" and in conjugate forms, the free forms have significantly higher endocrine-disrupting effects than the metabolic byproducts or the conjugated species (Hanselman et al., 2003; Hutchins et al., 2007; Lee et al., 2003) . The relative amounts of these forms depend on the maturity of manure and the source animal (Hanselman et al., 2003; Laegdsmand et al., 2009; Lee et al., 2007) . The estrogen metabolites include sulfate and glucuronide conjugates of E1 and E2. Although the conjugated forms are not endocrine disrupting, they pose a threat because these forms can be converted back to the toxic unconjugated or free species under certain environmental conditions (D'Ascenzo et al., 2003; Hanselman et al., 2003; Hutchins et al., 2007; Lee et al., 2007; Sumpter and Johnson, 2005; Ternes et al., 1999 , Yang et al., 2010 . However, most studies have only measured the total concentrations of E2, and few have differentiated between the parents and metabolites (conjugates) of estrogens. Information is lacking on how the unconjugated and conjugated species and how the metabolites differ with respect to their transport and persistence in surface runoff. To provide a comprehensive evaluation of the potential threat posed by land application of manure or litter, it is essential that conjugated and unconjugated forms of estrogens be evaluated.
Agricultural management practices such as tillage and the form and rate of application of litter and manure may affect the eventual exports of estrogens in runoff. Few studies have evaluated the impacts of these practices on estrogens in runoff. Jenkins et al. (2009) observed higher and lower exports of estrogens in surface runoff from no-tillage versus conventional tillage plots in two different seasons. Nichols et al. (1997) evaluated mass exports and concentrations of E2b with an increase in application rate of raw poultry litter on fescue grass pasture. They found an increase in E2b concentrations from 250 to 1300 ng L -1 when the litter rate was increased from 1.76 to 7.05 Mg ha -1
. We know of no study that has evaluated the effect of tillage and manure application rate on the exports and concentrations of the conjugated forms.
A majority of the studies on estrogens have been performed under simulated rainfall conditions (Finlay-Moore et al., 2000; Haggard et al., 2005 , Jenkins et al., 2008 , 2009 Nichols et al., 1997) . Some of these studies indicate that the concentrations of hormones (mostly E2b) in runoff decreased with time after similar sized rainfall events (Finlay-Moore et al., 2000; Haggard et al., 2005; Nichols et al., 1997) . The decrease in estrogen (E2b) concentrations was attributed to photo-and microbial degradation (Nichols et al., 1997) , soil adsorption (Casey et al., 2005; Stumpe and Marschner, 2010) , and conversion of E2b to E1 (Haggard et al., 2005) . However, Nichols et al. (1997) found elevated concentrations of E2b even 7 d after manure application and suggested that the estrogens did not degrade completely. In another rainfall simulation study, Jenkins et al. (2008) found that flow-weighted concentrations of hormones (E2b and testosterone) varied considerably between events subjected to constant-and variable-intensity rainfall. We know of no study that has evaluated the exports of estrogens under natural rainfall conditions. To further our understanding of hormones and their metabolites under natural field conditions, we need to address the impact of natural storm events, which can vary in frequency, intensity, and duration much more than the simulated events.
We evaluated the exports of estrogens, specifically E1, E2b, and E3, and their sulfate and glucuronide conjugates in surface runoff from an agricultural soil receiving raw and pelletized poultry litter at three different rates for no-tillage and reduced tillage. Surface runoff samples were collected for 10 natural storm events during the period April to July 2008. Runoff samples were screened using ELISA followed by confirmatory analysis using liquid chromatography with tandem mass spectrometry (LC/MS/MS). Specific questions that were addressed in this study include: (i) What are the amounts of free and conjugated forms of estrogens in runoff, and how do they compare with thresholds for endocrine disruption? (ii) How do agricultural management practices such as tillage (reduced tillage versus no-tillage) and the form of litter (raw versus pelletized) affect the exports of estrogens? and (iii) How do the mass exports and concentrations of estrogens vary with time across a sequence of natural storm events?
Materials and Methods

Site Description and Experimental Design
The study was conducted on experimental plots located on cropland adjacent to the campus of St. Andrew's School in Middletown, New Castle County, Delaware (39.45°N, 75.69°W). The experimental plots were aligned north-south and were located on Matapeake silt-loam soil with a slope gradient of 2 to 5%. The soil is classified as fine-silty, mixed, mesic typic hapludults (USDA-NRCS, 2004) . The county has 1130 mm of average annual precipitation, with the highest monthly precipitation typically occurring in August (USDA-SCS, 1970) . Precipitation during the summer is associated with low-pressure systems from the south that produce highintensity convective storm events. The average annual temperature is 12°C (54°F), and maximum temperatures typically occur during the latter part of July. Eight experimental plots were established (5 m wide and 12 m long), with four each in "reduced" (explained below) and no-tillage treatments. The experimental design was a 4×2 factorial arranged in a randomized block design. Manure applications for each treatment block (reduced tillage or no-tillage) included pelletized poultry litter (PPL), raw poultry litter (RPL) at moderate and high (henceforth referred to as RPL1 and RPL2, respectively) levels, and a control that received no litter application. The reduced tillage plots in our experiment had been conventionally tilled until September 2007; in 2008 (the year of sampling) the farmer switched to no-tillage practice for these plots. Thus, these plots were essentially in a transitional phase from conventional tillage to no-tillage and were therefore classified as "reduced" tillage. The use of the term "reduced" represents the qualitative decrease in tillage on these plots and was not expected to conform with the USDA-NRCS definition (USDA-NAL, 2009) of reduced tillage. In comparison, the no-tillage plots had not been tilled for a period of more than 3 yr. Pelletized poultry litter and RPL1 were applied to provide 252 kg ha -1 of plantavailable nitrogen, which resulted in an application rate of 12. 
Sampling and Analysis
The experimental plots were enclosed with plastic edges to constrain surface runoff within the plots. A sampling bucket (37.8 L) fitted with PVC pipes was placed in a pit at the lower end of each plot to collect surface runoff from the plots. Samples were collected for 10 rainfall events over the period April through July 2008 (Table 1 ; Fig. 1 ). Rainfall and weather data were available from a climate station located in Middletown, Delaware (DEOS, 2008) , within 3 km of the experimental plots. The amount of surface runoff collected in the buckets was recorded after each rainfall event. Before sampling, the water in the bucket was thoroughly stirred to create a representative sample of runoff water and sediment. Once the runoff sample was recovered, the bucket was emptied, cleaned, and put back in place for the subsequent event. Runoff samples were collected in 1-L amber glass bottles for estrogens and in 500-mL HDPE bottles for physiochemical and nutrient analysis. An unfiltered runoff subsample was collected in a 2-mL amber glass vial and refrigerated at 0 to 4°C for ELISA analysis. The runoff samples collected in the 1-L amber glass bottles were filtered using glass 1.5-and 0.7-μm microfiber filters (Whatman International Ltd., Maidstone, Kent, UK) and stored at 0 to 4°C for subsequent LC/MS/MS analysis. The ELISA and LC/MS/MS analyses were performed within 7 to 14 d after sampling. The sediment collected on the filter papers was also saved and stored at 0 to 4°C for 7 to 14 d before analysis of estrogens by LC/MS/MS.
Screening by ELISA was performed for E2b using polyclonal antibodies (courtesy of Dr. Schneider, BAM, Germany) that are specific to estradiol following the procedure described by Hintemann et al. (2006) . The estimated detection range for E2b in the ELISA protocol was 1.5 to 25 ng L -1
. We assumed that, along with E2b, other analytes contribute to the ELISA response and increase the concentration values. Therefore, we report ELISA assay results in E2b "equivalents" rather than E2b "concentration." Runoff samples with E2b equivalents exceeding 20 ng L -1 from ELISA screening were further evaluated using LC/MS/MS. This procedure was followed to reduce the costs associated with the expensive and timeconsuming LC/MS/MS analysis. For LC/MS/MS analysis, the following steps were performed. First, 1000 mL of water samples (filtrate) was concentrated using Waters Oasis (Waters Corporation, Milford, MA) HLB solid-phase extraction (SPE) cartridges at approximately 10 mL min -1 that were preconditioned with 5 mL methanol and 10 mL acetone followed by 10 mL water (pH 3, adjusted with H 2 SO 4 ). All samples except one (due to a bottle broken while shipping) were 1000 mL. Of the sample from the broken bottle, only 500 mL could be recovered and was used. After loading, HLB SPE cartridges were rinsed with 95/5 (vol/vol) water/methanol and vacuume dried. The estrogens were eluted by 10 mL 50/50 (vol/vol) methanol/acetone with 5% ammonium hydroxide. The extracts were evaporated to dryness under air. Extracts were reconstituted with 1 mL 80/20 (vol/vol) water/methanol with 0.2% glacial acetic acid. Ultimately, a 500-to 1000-fold concentration of the original runoff samples was achieved. The SPE recoveries in surface water samples spiked with 500 ng L -1 of an analyte mixture ranged from 88 to 138% for the conjugated estrogens and from 97 to 112% for free estrogens. The concentrated samples were then separated and analyzed by a LC-20 HPLC (Shimadzu Corporation, Kyoto, Japan) linked to a Quantum TSQ Ultra EMR Triple Quadrupole Mass Spectrometer (Thermo Scientific, Waltham, MA). Separation of a 10-mL sample was achieved by Thermo Scientific BetaBasic C 18 2.1 × 100 mm, 3-μm particle size column with a guard column at flow rate of 200 mL min ammonium hydroxide/methanol/acetonitrile (10/10/80, vol/ vol/vol). The gradient profile consisted of mobile phase A held for 3 min isocratically then ramped to 100% B within 13 min, held for 1 min at 100% B, and returned to 100% A within 1 min. The total run time for each sample analysis was 25 min. Negative electrospray ionization was used with a spray voltage of 3.5 kV, a capillary temperature of 350°C, and a sheath and auxiliary flow (N 2 ) of 25 and 10 arbitrary units, respectively. Filtered water samples were evaluated for nine estrogen (free and conjugate) forms using LC/MS/MS, which included free forms E1, E2b, and E3 and conjugate forms estrone 3-sulfate (E1-3S), estriol 3-sulfate (E3-3S), estrone 3-glucuronide (E1-3G), 17b estradiol 3-sulfate (E2b-3S), 17b estradiol 17-sulfate (E2b-17S), and 17b estradiol 3-glucuronide (E2b-3G). The spiking samples of the free forms E1, E2b, and E3 were obtained from TCI (Tokyo, Japan), Sigma-Aldrich (St. . Internal standards were included but were not used quantitatively because standard addition alleviated this need; internal standards were only used qualitatively as retention time markers. The instrument's detection and quantification limit were determined by the analyte's concentration that corresponded to a signal-to-noise ratio of 3 or 10, respectively. Instrument detection limits on LC/MS/MS for these analytes were E1: 0.02 ng mL . The instrument's limits of quantification for estrogens were 0.5 ng mL -1 for E1 and all conjugates and 1 ng mL -1 for E2 and E3. Therefore, these instrument detection limits allow measurements of estrogens at concentrations that are 500 or 1000 times lower in runoff samples.
Quantification of estrogens and their conjugates were performed by single-point standard addition following the same method described elsewhere (Eq.
[5]- [7] in Harris [2003] ). Standards were spiked to obtain a final concentration of 5 ng mL -1 in the sample for quantification. The use of standard addition allows for additional confidence in identification of the analytes and further reduces matrix interferences. Matrix interferences were evaluated by comparing the sensitivity of calibration standards (1-100 ng L -1 ) prepared with and without sample matrix. The linear regression equation for E2 with matrix was y = 4742.9x + 8366.6 (r 2 = 0.9998), and E2 without matrix was y = 6972.3x + 10439 (r 2 = 0.9998), with a 32% difference between slopes due to matrix suppression associated with the aqueous samples. The intensity (y) and concentration (x) are significantly correlated (p £ 0.01). Blanks were routinely injected at the beginning and before checking the standards throughout the analysis to ensure that no carryover or contamination was occurred. Check standard of 10 ng mL -1 was injected at the beginning, during the analysis, and at the end of the analysis. The results were within 15% relative standard deviation.
Before runoff sampling and litter application, the concentrations of estrogens in the litter samples (raw and pelletized) were determined. Litter samples were extracted with 10 mL methanol by sonication for 20 min and filtered over glass wool. Sonication with new methanol was repeated twice for a total of three extractions. Samples were evaporated under air at room temperature and reconstituted to 2 mL with 80/20 (vol/vol) water/methanol with 0.2% glacial acetic acid. A similar procedure was followed for the analysis of sediment samples (filtered from runoff water). Concentrations of E1 and E2b in raw litter were 3.7 and 0.4 ng g -1 , respectively. For pelletized litter, the concentrations of E1 and E2b were 2.1 and 0.5 ng g -1 , respectively. Thus, the concentrations of free estrogens for pelletized litter were only slightly lower than the corresponding values for raw litter. Conjugated forms (E2b-17S and E2b-3G) were present in raw and pelletized litters within the range of detection (0.08 ng g ) limits. We did not detect estrogen in the sediment that was collected after filtration of surface runoff samples. This suggests that estrogens may be strongly bound to the sediment or that any amount of estrogen extracted is too low for detection (below the detection limit = 0.08 ng g -1
). Because we did not find estrogen in the runoff sediment, the mass exports of estrogens for surface runoff exiting the plots were essentially dictated by the estrogens in dissolved form. Thus, the mass exports for an event were computed by multiplying the concentrations of estrogen in runoff water with the runoff volumes for that event. The total mass exports from the plots were then determined by a summation of the exports for the individual events. Flow-weighted concentrations were determined by dividing the total mass exports with the total runoff volumes. The t test was used to determine if mass exports and concentrations were significantly different across the treatments (a £ 10%; p £ 0.10). The influence of storm events on mass exports was determined by calculating the Pearson's correlation coefficients between mass exports and rainfall amounts. Correlations were also computed between mass exports and time of occurrence of event (days since application of litter). All statistical analyses were performed using Origin Software (version 8E; OriginLab Inc., Northampton, MA).
Results
Concentrations of E2β in Runoff Samples from ELISA versus LC/MS/MS Methods
Of the 60 runoff water samples that were collected during the 10 sampling events (one each for the six treatment plots excluding control plots), 44 samples registered E2b equivalents in excess of 20 ng L -1 by the ELISA method. However, when these 44 samples were further evaluated using LC/MS/MS, only 21 yielded estrogen concentrations above the detection limits. Therefore, ELISA produced a positive result for 73% of the samples, whereas LC/MS/MS analysis detected estrogens in only 35% of the samples. Selected samples reporting negative results with ELISA were also analyzed by LC/MS/MS and showed no false negatives by ELISA. Therefore, ELISA could be considered a valuable screening tool for reducing the number of samples for the more costly and time-consuming LC/MS/ MS technique.
The E2b equivalents from ELISA were much greater than the concentrations measured by LC/MS/MS (Table 2) 
Impact of Tillage and Litter Type on Mass Exports and Flow-Weighted Concentrations of Estrogens
Although the runoff volumes from the plots did not differ significantly across the treatments (p ³ 0.10) (Table 3) , the runoff from the reduced-tillage plot with raw litter application was much higher than the runoff from the corresponding no-tillage plot. Surface runoff amounts from the plots were also strongly and significantly (p £ 0.05) correlated with rainfall amounts (Table 3) .
Of the nine forms of estrogens that were evaluated by LC/ MS/MS, only E1, E2b (free forms), and E2b-17S (conjugate form) were detected in runoff samples. All other forms were below the detection limit. Similar to runoff amounts, mass exports of estrogens were not significantly different (p £ 0.10) between the treatments (Fig. 2) , but the mass exports of estrogens from the reduced-tillage plots with raw litter application were greater than the corresponding exports from the no-till treatment. These higher exports from the reduced-tillage plots were clearly associated with the greater runoff volumes from these plots. Compared with RPL treatments, the plots with PPL treatments differed little in mass exports across the tillage conditions. The difference between mass exports of E2b-17S and free forms (E1 and E2b) was highest for the reduced-tillage plots with raw litter treatment.
Flow-weighted concentrations of E1, E2b, and E2b-17S did not differ significantly across tillage practices (Fig. 3) . Furthermore, there was no consistent pattern for the individual estrogens when they were compared across the tillage practices. Estrogen concentrations were below 4 ng L -1 for all treatments. Mass exports of estrogens from plots receiving litter treatments (PPL and RPL) were significantly (p £ 0.10) greater than the control plots (no litter application) under reduced-tillage and no-tillage management practices (Fig. 2) . Concentrations of estrogens in surface runoff from the controls plots were below detection limits and thus assumed to be zero and were not included in Fig. 2 and 3 . Mass exports of estrogens from the PPL treatments were consistently lower than the exports from the RPL treatments, but the differences were significant only at the 85% (p £ 0.15) confidence level and not at the 90% confidence level (p £ 0.10). For the raw litter treatments (RPL1 versus RPL2), the higher rate of litter application (RPL2) did not yield higher amounts of estrogens. In contrast, exports of E1 and E2b-17S were greater for the lower litter rate (RPL1) for reduced-tillage and no-tillage practices. Total mass exports of E1 and E2b were <20 mg ha -1 for the PPL plots, whereas they varied from 14 to 75 mg ha -1 for RPL1 and RPL2. For E2b-17S, the total exports from PPL were <10 mg ha -1 and varied from 18 to 133 mg ha -1 for the RPL treatments. The flow-weighted concentrations of E1, E2b, and E2b-17S were <1 ng L -1 for PPL and consistently lower than RPL1 and RPL2, which varied between 0.91 and 3.34 ng L -1
. When we compare the individual estrogen forms across all treatments (tillage and litter type), concentrations of E1 were found to be consistently greater than E2b for all but one case (RPL2 with reduced tillage). Flow-weighted concentrations of E2b-17S for PPL (0.32 and 0.37 ng L -1 for reduced-tillage and no-tillage conditions, respectively) were much lower than the corresponding values for RPL. Among RPL treatments, the concentrations for E2b-17S were greater than E2b and E1 for three out of the four cases.
Impact of Storm Events on the Mass Exports of Estrogens
Mass exports of estrogens were clearly influenced by the rainfall amount and timing. When all 10 storms are considered, the mass exports of E1, E2b, and E2b-17S were significantly (p £ 0.10) correlated with rainfall amounts for Table 2 . Mean equivalents † and concentrations of E2β in surface runoff for the 10 storm events determined from enzyme-linked immunosorbent assay and liquid chromatography with tandem mass spectrometry methods, respectively. Standard deviations are reported within parentheses. reduced-tillage and no-tillage management practices (Table  4 ). In contrast, the correlations between mass exports and the timing of the events (days after litter application) were weak for all estrogens (Table 4 ). The temporal patterns in Fig. 4 , 5, and 6 suggest that there was some decrease in exports with time, but the late large events in the sampling period (e.g., 6 June and 24 July) still yielded considerable amounts of E1 or E2b in runoff. The temporal patterns of mass exports (Fig. 4-6 ) also reveal some important differences among the estrogens and the impacts of tillage and litter type. Mass exports of the conjugate form (E2b-17S; Fig.  6 ) were high for the early events but declined dramatically for later events. In contrast, the free forms E1 (Fig. 4) and to some extent E2b (Fig. 5) continued to yield elevated exports for later events (e.g., 6 June and 24 July). Mass exports of estrogens from the reduced-tillage treatments were greater and more variable compared with no-tillage plots. Finally, the storm event exports in Fig. 4 , 5, and 6 support our previous observation that mass exports of hormones with PPL were considerably lower than RPL.
Method ‡ Reduced tillage No tillage PPL
§ RPL1 RPL2 PPL RPL1 RPL2 ----------------ng L -1 ---------------
Discussion
ELISA versus LC/MS/MS Methods for Determining Hormone Concentrations
Due to its relative ease of use and ability to provide quick results, the ELISA method has been popular for assessing the concentrations of estrogens in agricultural runoff (Hanselman et al., 2004 (Aga et al., 2005 , Barel-Cohen et al., 2006 Hanselman et al., 2003 Hanselman et al., , 2004 . Farré et al. (2007) found that E2 concentrations for wastewater effluent determined from ELISA exceeded those from LC/ MS/MS (20 versus 10 ng L -1 , respectively). They attributed the overestimation to the presence of interfering substances such as estrone, estrone sulfate, or other conjugated estrogens, such as nonylphenol, and phytoestrogens. Similarly, Aga et al. (2005) found that ELISA response may be higher due to cross-reactivity of isomers, degradation byproducts, or structurally related compounds and thus may overestimate hormone concentrations. The accuracy of ELISA method can be increased by decreasing the cross-reactivity with more accurate extraction processes like SPE methods. However, the set-up of a reliable ELISA procedure itself can be rather time consuming and tedious. Our water sample E2b equivalents measured through ELISA were considerably greater than the values determined from LC/MS/MS (Table 2) , suggesting some interference from degradation byproducts or other organics. The reported cross-reactivity of the E2 antiserum for typical metabolites such as estrone, estriol, and the sulfate and glucuronide conjugated at ring position 17 is below 1% (Hintemann et al., 2006) . Although the cross-reactivity with sulfate or glucuronide conjugates at ring position 3 are 9 and 25%, respectively, the low concentrations of these conjugates do not account for the observed high E2b equivalents. Therefore, it is reasonable to attribute the apparent high E2b equivalents obtained by ELISA to the interference by high organic matter or other synthetic compounds present in the samples. Dissolved organic carbon concentrations were indeed higher for samples that registered higher ELISA E2b equivalents. The concentrations of DOC ranged from 7.7 to 10.3 mg L -1 for PPL and from 8.3 to 20.5 mg L -1 for RPL receiving plot runoff. These ELISA results can be improved if a sample clean-up, such as a solidphase extraction procedure, is performed before analysis by ELISA (Hintemann et al., 2006) . However, because our reason for using ELISA was for fast screening of samples (to remove negative samples and reduce sample load for LC/MS/MS), and we intended to perform LC/MS/MS analysis of positive samples, a cleanup step before ELISA was unnecessary for the purpose of this study.
The disparities between ELISA and LC/MS/ MS underscore the need for more rigorous analytical procedures following ELISA, which can be used as a screening tool for the more expensive and rigorous analytical procedures. The need for standardized protocols for assessing estrogen concentrations has already been voiced by Hanselman et al. (2003 Hanselman et al. ( , 2004 . Furthermore, commercially available immunoassays are limited to the free forms of estrogens and cannot evaluate the conjugated species.
Influence of Litter Type and Tillage Management Practices on Estrogens
Our results showed that the mass exports and flowweighted concentrations of estrogens were consistently lower from plots receiving PPL versus those with RPL. Our evaluations of litter and tillage treatments did not have any replications, but this was precluded by the cost associated with LC/MS/MS analysis for estrogens (more than $100/sample). Previous studies evaluating estrogen exports from litter applications have been primarily limited to raw litter (Jenkins et al., 2009; Nichols et al., 1997) , and very few have investigated pelletized poultry litter (Haggard et al., 2005) . Furthermore, the focus has been on the free forms (e.g., E1, E2b) of estrogens and not on the conjugated species. Estrogen analysis in these past studies has been performed using immunoassay methods without LC/MS/MS confirmation, and in most cases the samples were associated with artificial storm events. These previous studies (raw and pelletized litter) report much higher exports and concentrations of estrogens compared with the values observed in our study. Nichols et al. (1997) reported E2b export of 200,000 mg ha -1 in surface runoff from pasture land receiving raw poultry litter application at the rate of 7.05 Mg ha . To our knowledge, the only study that evaluated pelletized litter reported an estradiol concentration of 500 ng L -1 in surface runoff (Haggard et al., 2005) . The lower concentrations and exports of estrogens in runoff from the pelletized plots (versus raw litter) for our study cannot be explained by the concentrations of estrogens we measured for the individual litters. The concentrations of free estrogens for pelletized litter were only slightly lower than the corresponding values for raw litter. We can only speculate that the concentration of estrogens we measured for the raw litter were likely underestimated and not representative of all the manure that we applied on the plots. Typically, the concentrations of estrogens in pelletized litter would be expected to be much lower than those for raw litter because the process of pelletization can result in degradation and vaporization of the estrogens. Pelletization involves heating the litter to temperatures as high as 107°C (225°F) during the drying process, including hammer milling and crushing under high pressures (Perdue AgriRecycle, 2001 ).
Although we did not observe any statistically significant differences in the exports or concentrations of estrogens due to tillage (reduced tillage versus no-tillage), we did observe two interesting results: (i) the runoff amounts and mass exports from the reduced-tillage plots with raw litter application were substantially greater than the values from the other plots, and (ii) mass exports and concentrations of estrogens in runoff did not increase with an increase in RPL application rate from 23 to 35 Mg ha -1 . We do not have strong hypotheses to explain these results. It is possible that the past history of conventional-tillage on the reduced-tillage plots resulted in the development of an impeding layer, which in turn could have reduced infiltration and enhanced surface runoff (Lal, 1976) . However, this same argument should have led to elevated exports of estrogen and runoff from the PPL plot, which we did not observe. Previous studies evaluating the influence of tillage on estrogens (E2b) have primarily looked at conventional and no-tillage practices. Jenkins et al. (2009) ) plots. They attributed this difference to the greater potential for surface runoff from the conventionally tilled plot.
The decreased export of estrogens from the plots with higher raw litter application rate is difficult to explain. Previous work by Nichols et al. (1997) did not reveal a consisent increase in estradiol exports for a series of treatments with increasing litter rates. They observed mass exports of 25,000, 30,000, 25,000, and 50,000 μg ha -1 and concentrations of 100, 150, 130, and 250 ng L -1 (approximately) for E2b from plots receiving litter application rates of 1.76, 3.52, 5.28 and 7.05 Mg ha -1 , respectively. These results suggest that sorption of estrogens may play a significant role in controlling the amount of hormones in the run-off water.
Although most agricultural runoff studies have investigated E2b, few have compared it with other estrogen forms such as E1 or E2b-17S. The absence or limitations of analytical methods, especially for the conjugated species (Farré et al., 2007; Hanselman et al., 2003) , has been one of the key reasons for the lack of such comparisons. Our results revealed that the exports and concentrations of E1 or E2b-17S in agricultural runoff were considerably greater than E2b. This was especially true for plots receiving raw litter. A similar observation was made by D'Ascenzo et al. (2003) , who determined the concentrations of estrogens in municipal waste water. D'Ascenzo et al. (2003) indicated that although the estrogenic potency of E1 was half of that of E2b, the amounts of E1 in their waste water samples were 10 times those of E2b, and thus E1 was the more potent endocrine disrupter in their study. In addition, the various forms of estrogens are interconvertible (Hanselman et al., 2003) . Microorganisms such as Escherichia coli can hydrolyze estrogen conjugates via glucuronidase and sulfatase enzymes to unconjugated or free forms (Gentili et al., 2002; Hanselman et al., 2003) . Similarly, E2b can be converted to E1 or E3 under oxidizing or aerobic conditions, whereas the reverse reaction can occur under reducing or anaerobic conditions (Hutchins et al., 2007; Ternes et al., 1999) . Thus, considering the large amounts of E1 and E2b-17S in our runoff samples and the potential for conversions, it is clear that free and conjugated forms of estrogens need to be evaluated for a complete risk assessment.
Changes in Estrogen Exports with Natural Storm Events over the Summer
Most of the previous studies on estrogens have been performed under simulated rainfall conditions (Finlay-Moore et al., 2000; Haggard et al., 2005 , Jenkins et al., 2008 , 2009 Nichols et al., 1997) , which typically use a specific rainfall intensity and only a few rainfall events. Some of these studies indicated that the concentrations of hormones (mostly E2b) in runoff decreased with time after similarly sized rainfall events (FinlayMoore et al., 2000; Haggard et al., 2005; Nichols et al., 1997) . The decrease in estrogen (E2b) concentrations was attributed to photo-and microbial degradation (Nichols et al., 1997) , soil adsorption (Casey et al., 2005) , and conversion of E2b to E1 (Haggard et al., 2005) . Our observations for natural storm events suggest that the magnitude of storm events is an important factor influencing the exports of estrogens. Correlations between rainfall amounts and mass exports of estrogens were strong, whereas the correlations between the mass exports and the timing of the events (days after application of litter) were weak. This suggests that mass exports and concentrations of estrogens do not necessarily monotonically decrease with time, as clearly seen in the sampling period when large events yielded high hormones exports (e.g., 6 June, which occurred 49 d after litter application).
The high exports of estrogens later in the summer suggest that estrogens may persist in the soil. A comprehensive analysis of soil estrogens was cost prohibitive, but we did collect a few surface soil samples (10 cm) from the raw litter plots after the storm events. These samples were analyzed for estrogens using the LC/MS/MS procedure. Concentrations for these soils samples were E1: mean = 0.79, max. = 2.17 ng g -1 (n = 9 samples); E2b: mean = 1.12 ng g -1 , max. = 1.91 ng g -1 (n = 9 samples); and E2b-17S: mean = 1.12, max. = 1.58 ng g -1 (n = 3 samples). In comparison, the concentrations of E1 and E2b in raw litter were 3.7 and 0.4 ng g -1
. These data suggest that estrogens are being retained in the surface soils and could be available for desorption and transport with runoff waters and sediment fractions.
Persistence of estrogens for days to months, especially, under anaerobic conditions, has been reported (Lai et al., 2002; Ying and Kookana, 2005) . Under aerobic conditions, E2b is converted to E1 within few hours, but E1 can persist for longer periods (Ternes et al., 1999) . In another study, Kjaer et al. (2007) reported the presence of E1 (68 ng L -1 ) and E2b (1.8 ng L -1 ) in water leached from an agricultural field 3 mo after application of pig slurry. They suggested that the incorporated manure likely remained in anoxic condition and thereby retarded the degradation of the estrogens. Our observations also revealed interesting differences in the temporal patterns of export for the individual estrogens. Although exports for E2b-17S were high during the initial events (especially for raw litter), they decreased dramatically for subsequent events. The same pattern was not followed for E1, where the export occurred throughout the summer. These differences could be associated with differences in solubility, degradation, and transformations of the individual estrogens. Conjugated estrogens are likely to have much greater aqueous solubility than unconjugated estrogens due to their polar glucuronide or sulfate functional groups (Hanselman et al., 2003) . This higher solubility of conjugated species may explain the high initial exports of E2b-17S followed by the sudden decrease. This decrease could also be attributed to the deconjugation of E2b-17S to E2 and E1 (D'Ascenzo et al., 2003; Gentili et al., 2002) . In contrast to conjugated forms, free estrogens are less soluble and have more potential to get sorbed on aquatic sediments and soils (Hanselman et al., 2003; Kuster et al., 2004) .
Evaluation of Estrogen Concentrations against Environmental Thresholds and Conditions
The predicted no-effects concentration for the protection of aquatic and wildlife species for E1 and E2b have been set at 3 to 5 ng L -1 and 1 ng L -1
, respectively (Kjaer et al., 2007; Young et al., 2004) . Nakamura (1984) reported feminization of 84 to 100% of salmon for an estradiol concentration of 2000 ng L -1 . Tyler and Routledge (1998) determined that an E2b concentration of 1 to 10 ng L -1 over a 3-wk period could induce vitellogenin in male rainbow trout (Oncorhynchus mykiss). For the same fish, the threshold concentration for E1 ranged from 25 to 50 ng L -1 (Tyler and Routledge, 1998) . These thresholds have been established using a variety of immunosorbent methods.
Flow-weighted concentrations of E1 in our study varied from 0.75 to 2.5 ng L -1 , from 0.5 to 1.9 ng L -1 for E2b, and from 0.3 to 3.9 ng L -1 for E2b-17S. Although our concentrations were below some of the threshold levels established by exposure assays (e.g., Yonkos, 2005) , they exceeded the predicted no-effects concentration threshold. The concentrations measured in our study were "edge-of-the-field" concentrations and were thus likely on the higher side. At the larger watershed scale, these concentrations would be expected to decrease further as surface runoff moves through grassed waterways, filter strips, and riparian zones and is subjected to processes of microbial degradation, sorption, and photolysis (Hanselman et al., 2003; Nichols et al., 1997; Lee et al., 2007) . Conversely, our sampling was restricted only to estrogens in surface runoff, was conducted over a short period during the driest part of the year (summer), and was performed on upland fields that occupied the highest (and therefore dry) position on the landscape. Wetter soil conditions associated with other times of the year (e.g., spring or fall) or lower landscape positions in the watershed may facilitate anoxic environments and thus result in greater persistence of estrogens in soils, with subsequent release in the fall and/or during runoff events (Hutchins et al., 2007; Ternes et al., 1999; Lee et al., 2007) .
Conclusions
This is the first study to investigate free and conjugated forms of estrogens in agricultural runoff for soils amended with raw and pelletized poultry litters under differing tillage systems and natural storm events. This is one of the few studies that have used ELISA and LC/MS/MS methods simultaneously to determine the concentrations of estrogens in runoff waters for environmental water samples. Key conclusions and recommendations that can be derived from this study are:
1. The ELISA methods could yield considerably high estrogen concentrations because of cross-reactivity with organic compounds. Thus, ELISA should be used only as a screening tool to remove samples with no E2, followed by more rigorous analytical procedures such as LC/MS/ MS. The LC/MS/MS analyses of selected "negative" samples resulting from the ELISA analysis were confirmed to be negative, indicating no "false negatives" in the ELISA method. Therefore, although ELISA is not quantitative, it is an effective approach to reduce sample load for the more expensive LC/MS/MS analysis. 2. The concentrations and exports of the conjugate form of estrogen (E2b-17S) were considerably higher than the free forms (e.g., E1 and E2b) for some of the treatments (e.g., RPL). Thus, special attention needs to be paid to the conjugate forms in monitoring studies for hormones, especially because the conjugate forms can be converted to free forms. 3. Compared with raw litter and reduced tillage, no-tillage and pelletized litter treatments yielded much lower exports and concentrations of estrogens. Thus, pelletized litter and no-tillage could be used as best management practices to reduce estrogen exports from agricultural fields. Our study was limited to surface runoff during the summer season, and a more comprehensive study that evaluates leaching and groundwater exports over a longer period needs to be conducted. 4. Although our "edge-of-the-field" concentrations of estrogens were relatively low, a comprehensive watershedscale assessment of the threat posed by hormones to receiving water bodies can only be made through a larger watershed-scale monitoring that includes riparian zones, wetlands, and grass filter strips. These landscape positions will be wetter compared with upland fields and thus may provide reduced or anaerobic soil conditions favorable for the persistence and transformations of hormones.
